Sphingolipids are bio-active metabolites that show structural diversity among eukaryotes. They are essential for growth of all eukaryotic cells but when produced in an uncontrolled manner can lead to cell death and pathologies including auto-immune reactions, cancer, diabetes and neurodegeneration. Caenorhabditis elegans is an important genetic model organism both to find new drug-targets against parasitic nematodes and to study the conserved roles of sphingolipids in animals like their essential functions in very basic cellular processes ranging from maintenance of cell polarity and mitochondrial repair to growth and survival. C. elegans produces sphingoid bases which are structurally distinct from those of other animals as both iso-and anteiso-branched species have been reported. Using metabolic labeling we show that most worm sphingoid bases are iso-branched. We have synthesized the nematodespecific C17 iso-branched sphinganine and its 1-deoxy analogue and could show that both the isobranch and the 1-hydroxyl group are essential to form functional nematode sphingolipids which are needed to maintain intestinal function. The organism specificity was examined by complementation experiments in Saccharomyces cerevisiae yeast cells lacking sphingoid base synthesis. We found that iso-branched sphingoid base did not support growth of mutant cells and was toxic to wild type yeast.
Introduction
Sphingolipids are one of the major eukaryotic membrane lipids and show species-specic structural differences.
1 Long-chain bases, the central building block of all sphingolipids, can vary in their chemical structure with mainly straight-chain C18 bases in mammals and the yeast Saccharomyces cerevisiae, shorter C14 and C16 bases in ies, 2,3 while for nematodes there have been reports of both C17 iso-branched 4 and C17 anteisobranched bases.
5 Branched-chain sphingoid bases have also been reported for Ascaris suum, 6 a parasitic nematode, which makes the nematode-specic sphingolipid pathway a potential drug target. The initial step of sphingoid base biosynthesis is catalysed by the pyridoxal phosphate-dependent serine palmitoyl transferase (SPT) complex, which transfers serine to a fatty acylcoenzyme A and decarboxylates it to form 3-ketosphinganine that is further reduced to sphinganine. 7 SPT highly prefers serine, but can also transfer alanine and glycine. 8 In Hereditary Sensory and Autonomic Neuropathy Type-1A (HSAN1A) the SPT enzyme discrimination against alanine is reduced giving rise to increased amounts of 1-deoxysphinganine, which causes neurodegeneration, skin lesions, and muscle weakness. Increased amounts of 1-deoxysphinganine are also seen in metabolic disorders, including diabetes 10 and metabolic syndrome.
11 Further structural diversity in sphingoid bases is achieved by desaturations and hydroxylations.
3 While S. cerevisiae predominantly hydroxylates sphinganine (d18:0) to give rise to 4-hydroxysphinganine (t18:0), the major modication in mammals and worms is a desaturation at position 4 of the respective sphinganines (d18:0 in mammals and branched d17:0 in worms) resulting in sphingosine (d18:1) and C17 branched-chain sphingosine (branched d17:1), respectively (see Fig. 1b) . 3 Genetic studies in C. elegans have revealed essential roles for sphingolipids in important cellular processes such as anoxia resistance, 12 apoptosis 13 and mitochondrial surveillance. 14 In addition, sphingolipids play an important developmental role in intestinal structure formation and function. 15 While the functional conservation of sphingolipid biology has been conrmed in higher animals 16 more detailed mechanistic studies on the physiological roles of sphingolipids in worms have been hindered by the absence of readily available C17 iso-branched sphingoid bases. Chemical genetic studies in C. elegans that help to elucidate the basic molecular mechanisms of sphingolipid physiology will lead to a deeper insight into sphingolipid physiology in higher animals including related processes in humans. While 1-deoxysphinganine has been identied as the causative metabolite leading to neurodegeneration in HSAN1A, 9 the mechanism of action and possible molecular targets of the compound are not well understood. Production of 1-deoxysphinganine has been conrmed in humans, rats, mice, ies, and other animals 7, 17 but the possible presence and biological activities in C. elegans have not yet been studied.
Results and discussion

Metabolic labelling of Caenorhabditis elegans sphingoid bases
The C. elegans SPT complex synthesizes branched sphingoid bases from branched acyl-CoAs, 18 which are known to be derived from branched-chain amino acids (BCAA) both in mammals 19 and worms. 20 In order to clarify the position of the branch point in C. elegans sphingoid bases, we fed animals for three generations with bacterial diets containing different heavy isotope-labelled amino acids: iso-branched 13 C 6 , L-leucine and 13 C 5 , 15 N, L-valine, anteiso-branched 13 C 6 , L-isoleucine, and straight-chain 13 C 6 , 15 N 2 , L-lysine as a control. BCAA lose the amino nitrogen and one carbon atom during degradation to branched-chain fatty acids (see Scheme 1 and ESI Fig. 1c †) and aer fatty acid elongation a maximum of ve heavy carbons of heavy leucine and isoleucine could be incorporated into sphingoid bases. All four heavy amino acids were readily taken up by the worms and were detected as free amino acids in worm lysates. In the case of isoleucine and valine, the exogenous heavy compound almost entirely replaced the endogenous light one. In our system no interconversion from one heavy amino acid to another was observed (Fig. 1a) . We could detect C17 sphinganine, sphingosine and 1-deoxysphinganine in C. elegans extracts with C17 sphinganine being the most abundant one (ESI Fig. 1a †) . Aer correction for isotopic distribution (see Experimental) we could only detect +5 heavy sphingoid bases above background when feeding worms with heavy leucine (Fig. 1b and c) . We conclude, therefore, that almost all branched sphingoid bases produced from BCAA by C. elegans carry an iso-branch. 
, XX-number of carbon atoms, Y-number of double bonds, the prefix "i" indicates the iso-branch.
Chemical synthesis of C17 iso-branched sphingoid bases
In order to study the function of sphingoid bases in C. elegans we developed a straight-forward synthesis of the two de novo synthesis sphingoid base products, C17 iso-branched sphinganine (id17:0) and its 1-deoxy analogue (im17:0) inspired by the work of Ha and Lee and coworkers (Fig. 2a) . 21 Both synthetic routes started with the commercially available precursor (2S)-2-isopropyl-4-methoxycyclohexyl 1-((R)-1-phenylethyl)aziridine-2-carboxylate 1 (Fig. 2a) . The Weinreb amide 2 was installed following a literature protocol. 22 The amide 2 was then substituted by a Grignard reagent 4 prepared from Scheme 1
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C heavy isotope label incorporation from branched-chain amino acids (BCAAs) into C17 iso-branched sphingoid bases. BCAAs are converted into branched-chain acyl-coenzyme A (CoA) derivatives by transamination using a-ketoglutarate (aKG) and oxidative decarboxylation by branched-chain a-ketoacid dehydrogenase (BCKDH) which leads to loss of one 13 C label as CO 2 . Several cycles of fatty acid elongation give rise to C15 branched-chain acyl-CoA. In C. elegans serine palmitoyl-CoA transferase (SPT) transfers serine or alanine onto C15 iso-branched acyl-CoA to produce iso-branched 3-ketosphinganine and 3-keto-1-deoxysphinganine which are subsequently reduced to C17 iso-branched sphinganine and 1-deoxysphinganine. Only iso-branched derivatives of L-leucine are incorporated into nematode sphingoid bases.
12-methyltridecan-1-ol 3 to give the corresponding ketone 5. The chelation-controlled reduction was further performed in the presence of ZnCl 2 as bidentate chelating agent in order to give the corresponding aziridine alcohol 6. The aziridine ring C-N bond was then reduced and a hydrogenation in the presence of Pearlman's catalyst provided the targeted sphinganineanalog 8. A hydrogenation using Pearlman's catalyst directly on the aziridine alcohol 6 provided the 1-deoxysphinganine analog 9 in one step (see Fig. 2a ). The identity of the naturally occurring nematode sphingoid bases and the synthetic C17 iso-branched sphingoid bases was tested by LC-MS/MS. The C17 sphinganine extracted from wild-type nematodes had an identical retention time as the synthetic iso-branched molecule, but it ran clearly differently from a commercial C17 straight-chain isomer (Fig. 2b) . C17 isobranched 1-deoxysphinganine could be detected in WT extracts, though, at much lower levels as can be seen by the increased background signal, and it showed the same retention time as the synthetic 1-deoxy C17 iso-branched sphinganine (Fig. 2b) . This is the rst time that a 1-deoxysphingolipid has been described in C. elegans and it demonstrates the importance of having synthetic compounds available to use as standards in LC-MS. No other C17 sphinganine or C17 1-deoxysphinganine signals above background were detected which makes the presence of signicant amounts of other isomers in C. elegans unlikely.
C. elegans digestion strictly depends on iso-branched sphingoid bases
Sphingolipids are essential for the formation of functional intestines in C. elegans.
15 As a consequence worms with defects in glucosylceramide production, including any upstream biosynthetic step show impaired intestinal structure and digestive function. 23 It has been previously reported that the second generation aer knock-down of sphingolipid biosynthetic genes shows a larval arrest and starves. 15 When the worm SPT subunit encoded by the sptl-1 gene was down-regulated via RNAi we observed, already in the rst generation, that animals were no longer capable of normally digesting GFP-expressing OP50 E. coli bacteria.
24 A wild-type animal can normally digest all GFP signal in its intestine within 20 minutes while almost 80% of RNAi treated animals showed an accumulation of the uorescent protein in the intestinal lumen (Fig. 3a) . To investigate the signicance of the iso-branch in nematode sphingoid bases we attempted to rescue the digestion phenotype by feeding the RNAi-treated nematodes with different sphingoid bases. Digestive function was only restored upon feeding C17 iso-branched sphinganine (id17:0, Fig. 3b ). The 1-deoxy C17 iso-branched sphinganine (im17:0) was not capable of restoring normal digestion and even increased the congestion consistent with the requirement for the 1-hydroxyl group to form glucosylceramide. 15 We also tested straight-chain C16, C17, and C18 sphingoid bases. Neither racemic C16 DL-straight-chain (DL-d16:0), C17 straight-chain (d17:0), C18 straight-chain sphinganine (d18:0), nor C18 straight-chain sphingosine (d18:1) were able to rescue the digestive function (Fig. 3b ). In the case of straight-chain C17 sphinganine (d17:0), C18 sphinganine (d18:0) and sphingosine (d18:1) the digestion defect was even more severe. The observed dependency on iso-branched sphingoid bases for C. elegans development is in good agreement with recent ndings that showed the importance of iso-branched fatty acid precursors for sphingolipid biosynthesis and to support development 25, 18 . Therefore, the synthetic C17 iso-branched sphinganine is a valuable tool for researchers to test sphingoid base dependency of observed mutant and knock-down phenotypes. This clearly shows that the iso-branch structure in the C. elegans sphingoid base isomer compared to straight-chain base is functionally relevant. Recently, several genome-wide RNAi screens have identied sphingolipid biosynthetic genes involved in apical polarity formation 23, 26 and mitochondrial homoeostasis.
14 Our synthetic bases can be used to complement other gene knock-downs with phenotypes similar to sphingolipid depletion in order to identify new sphingolipid regulators and effectors.
Iso-branched sphingoid base is toxic for Saccharomyces cerevisiae
In order to address the possible compatibility of the iso-branch in the nematode sphingoid base with other organisms, we conducted rescue experiments in an S. cerevisiae mutant defective in serine palmitoyltransferase (lcb1D). We supplied the mutant with different sphingoid bases in the growth media. Yeast lcb1D cells cannot grow on rich medium containing only tergitol and the carrier solvent, but are capable of growing on medium supplemented with C18 straight-chain sphinganine (d18:0), a product of its endogenous de novo sphingoid base biosynthetic pathway, and also on C17 straight-chain sphinganine (d17:0), and even to some extent on racemic C16 straightchain DL-sphinganine (DL-d16:0) ( Fig. 4 and ESI Fig. 3 †) . Sphingosine (d18:1), which is the major sphingoid base in mammals, does not support growth of lcb1D cells and shows toxicity at very high concentrations, consistent with previous work on sphingosine effects on budding yeast. 27, 28 Interestingly, the C17 iso-branched sphinganine isomer (id17:0) does not support growth and is toxic to WT yeast cells at lower concentrations than sphingosine (Fig. 4) . While wild-type yeast cells readily supported 50 mM sphingosine they cannot grow on 50 mM C17 iso-branched sphinganine (Fig. 4) . quantification of the digestion phenotype of sptl-1 (RNAi) animals fed with control (EtOH), C17 iso-branched sphinganine (id17:0), C17 isobranched 1-deoxysphinganine (im17:0), racemic DL-C16 (DLd16:0), C17 straight-chain sphinganine (d17:0), sphinganine (d18:0), and sphingosine (d18:1). Normal digestion was scored as no detectable remaining GFP signal above background in the worm intestine. Error bars are standard errors for n ¼ 6 to 18 replicates, significance determined by Student's t-test: *p < 0.05, ***p < 0.005. Fig. 4 C17 iso-branched sphinganine is toxic for budding yeast. Dilution spot assay of wild-type and lcb1D yeast cell growth on YPUATD plates with 0.05% tergitol and control vehicle (ethanol), C17 iso-branched sphinganine (id17:0), racemic DL-C16 (DL-d16:0), C17 straight-chain sphinganine (d17:0), sphinganine (d18:0), and sphingosine (d18:1) at 5, 50, 100 mM concentration.
1-Deoxy C17 iso-branched sphinganine affects F-actin organization in C. elegans intestinal brush border Accumulation of 1-deoxysphinganine in humans is associated with neurodegenerative symptoms as well as skin ulcerations and lower limb weakness.
9 Some of the toxicity connected to 1-deoxysphinganine observed in cell culture experiments is attributed to effects on the cytoskeleton, especially actin stress bers. 29 We raised wild type worms on NGM media containing either solvent control (EtOH), C17 iso-branched sphinganine (id17:0) or 1-deoxy C17 iso-branched sphinganine (im17:0) from L1 larval stage to adulthood. Aer 3 days, worms were transferred to plates seeded with GFP-expressing OP50 bacteria 24 containing 3 mM SiR-actin 30 for 3 hours. SiR-actin is a turn-on probe that can be used for live-imaging of F-actin because it neither needs xation nor washing. As worms were directly picked into anesthetizing M9 buffer containing 60 mM sodium azide, GFP from the bacteria was not fully digested and the uorescent signal was still detectable in the intestinal lumen (Fig. 5a, cyan) . The specic F-actin signal (Fig. 5a, magenta) in WT animals fed with solvent control almost coincided with the intestinal lumen labelled by the GFP bacteria consistent with labelling of apical F-actin structures surrounding the lumen. Similar to control animals (EtOH, Fig. 5b ) worms fed with 50 mM C17 iso-branched sphinganine (50 id17:0, Fig. 5c ) exhibited Factin signals in close proximity to the GFP positive intestinal lumen. In the case of animals grown on 50 mM 1-deoxy C17 isobranched sphinganine (50 im17:0, Fig. 5d ) the bacterial GFP signal (cyan) and the SiR-actin (magenta) signals coincided less. Effects of im17:0 on the worm intestines showed a certain variation in penetrance. While the majority of im17:0 treated animals exhibited a GFP-positive lumen width slightly wider on average than control conditions about 12% of the animals showed a severely widened intestinal lumen and accumulation of intact GFP bacteria. Therefore, in both cases the majority of im17:0 treated animals showed a clear separation of GFP and F- and SiR-actin (magenta) signals in animals treated with ethanol vehicle (b), 50 mM C17 iso-branched sphinganine, id17:0 (c) and 50 mM 1-deoxy C17 iso-branched sphinganine, im17:0 (d); (e) width of apical F-actin belt as calculated by the difference between the Gaussian fits of the SiRactin and the GFP signals; statistical significance determined by Welch's t-test *p < 0.05, ***p < 0.005; (f-h) representative electron micrographs showing the apical brush border of intestinal cells in animals treated with EtOH (f), 50 mM C17 iso-branched sphinganine, id17:0 (g) and 50 mM 1-deoxy C17 iso-branched sphinganine, im17:0 (h), black scale bars represent 1 mm. actin signals. To quantify the morphological differences we recorded line proles of the uorescent signals perpendicular to the intestinal lumen together with the underlying endotube of intermediate laments. The GFP signals were tted by single Gaussian functions while a double Gaussian t was used for the SiR-actin (ESI Fig. 2a and b †) . Average Gaussian curves for control conditions (EtOH, ESI Fig. 2c †) , C17 iso-branched sphinganine (50 id17:0, ESI Fig. 2d †) , and 1-deoxy C17 isobranched sphinganine (50 im17:0, ESI Fig. 2d †) show the widening of the intestinal lumen and the displacement of the Factin signal in the third case (ESI Fig. 2d †) . When the widths of the Gaussian ts were compared, a signicant difference for the GFP positive lumen (ESI Fig. 2f †) could be observed between id17:0 and im17:0 (Welsh's t-test p ¼ 0.032). The increase in width of the SiR-actin signals upon im17:0 treatment (ESI Fig. 2g †) was even more signicant (EtOH vs. im17:0 p ¼ 0.011, id17:0 vs. im17:0 p ¼ 0.00088) as well as the differences observed when looking only at the width of the apical F-actin as calculated by the difference between the widths of the SiR-actin and the GFP signals (Fig. 5e , EtOH vs. im17:0 p ¼ 0.013, id17:0 vs. im17:0 p ¼ 0.0032). Apical F-actin in intestinal cells is part of a very ordered cytoskeletal structure called the terminal web 31 that serves to stabilize the intestinal lumen. Broadening of the F-actin signal indicates a loss of organization and might be the cause for deformation of the gut lumen in the more severe phenotype. An intestinal phenotype caused by sphingolipid depletion has been reported previously and it coincided with the actin organizer ERM-1 being delocalized from the apical membrane. 23 We conrmed the changes of F-actin signal from light microscopy by electron microscopy. WT animals treated with control vehicle (EtOH, Fig. 5f ) or 50 mM C17 iso-branched sphinganine (50 id17:0, Fig. 5g) show a very ordered array of microvilli on the surface of their intestinal cells and a terminal web in close proximity to the plasma membrane but animals grown on 50 mM 1-deoxy C17 iso-branched sphinganine (50 im17:0, Fig. 5h ) showed irregular microvilli, discontinuous endotube intermediate lament structures below the plasma membrane and accumulated material between terminal web and plasma membrane. Effects on the cytoskeleton might be a very early event in the sphingolipid depletion phenotype that eventually leads to loss of polarity in intestinal cells and therefore loss of a continuous gut lumen. 23 
1-Deoxy C17 iso-branched sphinganine interferes with intermediate lament formation
Structure and stability of the intestinal brush border depend on the correct localization, organization and membrane association of F-actin as well as the underlying intermediate laments of the endotube. Previously, it was shown that mutants in sphingolipid biosynthesis show a disorganized intestinal brush border associated with mis-localization of the F-actin organizer ERM-1 from apical to basolateral membrane. 23 Baso-lateral expansion of apical ERM-1 coincides with baso-lateral expansion of apical intermediate laments as well. 32 We cultured ERM-1::GFP fusion protein expressing worms on media containing EtOH, 50 mM id17:0, or 50 mM im17:0 and observed no differences in ERM-1 expression (data not shown) as well as only apical localization under all conditions (Fig. 6a-c) . When dissected intestines were immuno-stained for the intermediate lament component IFB-2 signicant differences could be observed in animals grown on 1-deoxy C17 iso-branched sphinganine (50 im17:0) compared to the wild type animals grown on vehicle control (EtOH) and C17 iso-branched sphinganine (50 id17:0). While im17:0-fed worms still showed only apical membrane signals for IFB-2 (Fig. 6c) they were signi-cantly weaker than EtOH control (Fig. 6a) and id17:0 (Fig. 6B) fed animals (Student's t-test: EtOH vs. id17:0 p ¼ 0.49, EtOH vs., im17:0 p ¼ 0.001, id17:0 vs. im17:0 p ¼ 0.002; n ¼ 21-34). The phenotype in the apical brush border of the intestines is therefore not due to a mislocalization of F-actin organizers like ERM-1 but rather caused by a destabilization of the underlying intermediate laments of the endotube. Loss of cytoskeletal structures including F-actin and intermediate laments upon 1-deoxysphinganine treatment has also been reported in cultured neuronal cells 9, 33 and might be the reason for many of the symptoms associated with the HSAN1 disease.
Conclusions
Studying sphingolipids in the genetic model organism C. elegans serves two important purposes: rst, the structural peculiarity of the nematode sphingoid base makes sphingolipid biosynthesis a drug target to combat parasitic nematodes that infect plants, animals and humans. Second, the functional conservation of sphingolipid biology among animals makes it a valuable model to study stress responses, ageing, 34 and development. 15, 16 Using stable isotope labelling we have addressed a long standing question in C. elegans lipid analysis whether worm sphingoid bases are iso-branched, 4 anteisobranched or both. 5 We show that the majority of free sphingoid bases in C. elegans are iso-branched. With our labelling technique we could not detect any anteiso-branched sphingoid bases. We cannot exclude the remote possibility that anteisobranched sphingoid bases could be produced by another yet unknown mechanism or under different culture conditions. If produced, though, they are denitely not required for development as the iso-branched sphinganine alone can rescue absence of endogenous sphingoid base production. 18 This also explains recently published data that in mutants lacking BCAA degradation the developmental arrest can only be rescued by iso-branched C5 fatty acid but not by the anteiso-branched isomer because only the iso-branched one will be incorporated into the sphingoid base required for development. 20 Isobranched sphingoid bases are known from animal-parasitic nematodes where biological material is available in large quantities. 6 The sensitive stable isotope labelling strategy described here can be used to elucidate sphingoid base structures in plant parasitic nematodes where it is very difficult to obtain sufficient material for classical structural analysis. Our newly developed synthesis procedure for nematode-specic C17 iso-branched sphinganine and its 1-deoxy analogue have served to show that the structural diversity of sphingoid bases is very important for their essential biological functions both in nematodes and yeast. Complementation experiments in C. elegans show the importance of the iso-branch for nematode development as straight-chain sphingoid bases are incompatible with nematode sphingolipid biosynthesis and function. This nding explains the mechanism of toxicity that was recently exploited to kill the parasitic nematode Meloidogyne incognita where production of straight-chain sphingoid bases by a soil bacterial strain was used to make tomato plants resistant to nematode infections. 35 Our reverse complementation experiments in yeast cells underline the organism-specicity of sphingoid base structures as the C. elegans C17 iso-branched sphinganine is toxic to S. cerevisiae. Despite structural differences the functional conservation of sphingolipid biology from nematodes to higher animals is already evident in apoptosis, 13 stress responses, 12 and intestinal development. 15, 16 Our new ndings on the conserved function of atypical 1-deoxysphingoid bases in disrupting cytoskeletal structures open the door to future studies in C. elegans that can further elucidate the mechanisms of toxicity of 1-deoxysphingolipids which have been connected to the hereditary disease HSAN1
9 and metabolic disorders like diabetes 10 and metabolic syndrome. glucose, 2% bacto agar) and worms on NGM medium seeded with OP50 bacteria.
36
Metabolic labelling of sphingoid bases with heavy isotope amino acids
Bacterial diet (HT115 containing empty vector L4440) was grown to saturation in M63 minimal medium containing 40 mg ml À1 of leucine, isoleucine, valine, and lysine. In each of the four different diet preparations one of the light amino acids was replaced by the corresponding amount of heavy isotope labelled compound. WT N2 animals were grown for three generations on nitrogen-free 10 cm NGM plates 37 seeded with 300 ml labelled bacteria (0.15 mg ml À1 suspension in M9 buffer). Animals were harvested in MS grade water, amino acids and sphingoid bases were extracted and analysed by LC-MS (see below). Heavy isotope containing +5 signals were corrected for isotopic peak contribution from unspecic +4 signals due to 13 C recycling from degradation and reincorporation via fatty acid elongation 19 (ESI Fig. 1a-b †) .
Chemical synthesis of iso-branched sphingoid bases and LC-MS analysis
A detailed description of the chemical synthesis of C17 isobranched sphinganine and 1-deoxy C17 iso-branched sphinganine can be found in the ESI. † LC-MS analysis was done according to Höglinger et al. 38 In short, sphingoid bases were resuspended in borate buffer (200 mM boric acid pH8.8, 10 mM tris(2-carboxyethyl)phosphine, 10 mM ascorbic acid and 
Sphingoid base complementation of RNAi phenotype
Ethanol and sphingoid bases at a concentration of 50 and 100 mM were applied and dried onto the surface of 12-well NGM agar plates containing 25 mg ml À1 carbenicillin and 1 mM IPTG.
Plates were seeded with a 1 : 1 mix of OP50 GFP 24 bacteria and HT115 (DE3) bacteria expressing an RNAi feeding vector from the Ahringer RNAi library targeting the sptl-1 gene. 39 Aer overnight incubation at room temperature starved N2 L0 larvae were transferred to the wells and grown for three days at 20 C.
Young adults were washed off the plates with M9 buffer and collected in 1 ml 96-well plates where they were washed once with M9 buffer. Twenty minutes aer harvesting, worms were anaesthetized with M9 buffer containing 60 mM sodium azide and transferred to a BD Falcon 96-well imaging plate. Imaging was performed on an ImageXpress® Micro XLS high-content microscope and image analysis was done with the help of MetaXpress® soware. Statistical analysis was done using a Student's t-test.
Sphingoid base effects on cytoskeleton
Ethanol and sphingoid bases at a concentration of 50 mM were applied and dried onto the surface of 12-well NGM agar plates.
Plates were seeded with OP50 GFP bacteria containing 3 mM SiRactin and 3 mM verapamil. 30 Plates were incubated overnight at room temperature. Starved N2 L0 larvae were transferred to the wells and grown for three days at 20 C. Young adults were picked directly into M9 buffer containing 60 mM sodium azide and were imaged on a Zeiss LSM700 using a 63Â objective. For image analysis three 16 to 18 mm line proles perpendicular to the intestinal lumen were measured per image using the Fiji soware. Data tting and statistical analysis was performed using a Matlab script. GFP signals were tted to a single Gaussian function and width was determined as the full width at half maximum while the SiR-actin signal was tted by a double Gaussian function and width was calculated as the distance between the two maxima plus half the sum of the two full widths at half maximum (ESI Fig. 2a and b †) . Width of the apical F-actin belt was calculated as the difference between the SiR-actin and the GFP width. Statistical analysis was performed using Welsh's t-test. For immunostaining with MH33 anitbody against IFB-2 ERM-1::GFP animals were grown for three days on media containing ethanol or sphingoid bases at a concentration of 50 mM, intestines were dissected in buffer containing 0.1% tricaine, and 0.001% levamisole. Fixation and immunostaining was performed according to standard procedures. 26, 32 For quanti-cation of confocal images 20 mm line proles were taken across the intestinal lumen. Average apical signal was divided by average cytosolic. Student's t-test was used to compare the different conditions.
Electron microscopy
Animals were grown the same way as for light microscopy. Young adults were washed off plates using 0.1 M HEPES/NaOH pH 7.5, washed once with the same buffer and then with buffer containing 8% ethanol. Animals were cut and xed in 2% glutaraldehyde and 4% paraformaldehyde in 0.1 M phosphate buffer pH 7.0 for 4 hours at room temperature. Worms were washed three times in 0.1 M HEPES/NaOH pH 7.5, embedded in agarose and processed using standard procedures. 40 Images were recorded on a Tecnai G2 TEM at 100 keV.
lcb1D Mutant strain construction
In the diploid yeast strain RH1201, one complete open reading frame of LCB1 was replaced with a KanMX6 cassette from the pFA6 plasmid via homologous recombination using primers ATGGCACACATCCCAGAGGTTTTACCCAAATCAATACCGATTCC GCGTACGCTGCAGGTCGAC and TAGATTCTTGGCAACAGGCA AGGATGGACTGCTTGACACACACTTATCGATGAATTCGAGCTCG to give rise to the heterozygous mutant RH6995. The haploid lcb1D strain RH6998 was isolated by tetrad dissection and its growth depends on exogenous sphingoid base supplementation (10 mM) in the presence of 0.05% tergitol.
Yeast growth assays
Yeast strains were grown at 30 C overnight in liquid YPD with additional uracil, adenine, and tryptophan (YPUATD), in the lcb1D complementation experiment 0.05% tergitol NP-40 and 10 mM sphinganine were added. Stationary yeast cultures were diluted to OD 600 ¼ 1.5 and consecutive ten-fold dilutions with double-distilled water. About 3 ml of the dilutions were pinned onto YPUATD agar plates containing 0.05% tergitol NP-40, ethanol and different concentrations of sphingoid bases.
Plates were incubated for two days at 30 C.
